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Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are activated by membrane hyperpolariza-
tions that cause an inward movement of the positive charges in the fourth transmembrane domain (S4), which 
triggers channel opening. The mechanism of how the motion of S4 charges triggers channel opening is unknown. 
Here, we used voltage clamp fl  uorometry (VCF) to detect S4 conformational changes and to correlate these to the 
different activation steps in spHCN channels. We show that S4 undergoes two distinct conformational changes 
during voltage activation. Analysis of the fl  uorescence signals suggests that the N-terminal region of S4 undergoes 
conformational changes during a previously characterized mode shift in HCN channel voltage dependence, while 
a more C-terminal region undergoes an additional conformational change during gating charge movements. We 
fi  t our fl  uorescence and ionic current data to a previously proposed 10-state allosteric model for HCN channels. 
Our results are not compatible with a fast S4 motion and rate-limiting channel opening. Instead, our data and 
modeling suggest that spHCN channels open after only two S4s have moved and that S4 motion is rate limiting 
during voltage activation of spHCN channels.
INTRODUCTION
In pacemaking cells (Brown and DiFrancesco, 1980; Maylie 
et al., 1981; Maylie and Morad, 1984), hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels acti-
vate during the hyperpolarizing phase of the pacemaker 
cycle and depolarize excitable cells toward the threshold 
for the fi  ring of the next action  potential. HCN channels 
are also expressed in a broad range of cells and have 
been suggested to play an important role in dendritic 
integration, in synaptic transmission, in determining the 
resting-membrane properties, and in reducing extreme 
hyperpolarizations (DiFrancesco, 1993; Pape, 1996). 
Deletion of HCN channels by knockout techniques 
has resulted in mice with motor defi  ciencies, epilepsy, 
altered spatial learning, heart arrhythmia, and/or non-
functional hearts, suggesting that HCN channels have 
widespread importance in the nervous system (Ludwig 
et al., 2003; Nolan et al., 2003; Schulze-Bahr et al., 2003; 
Ueda et al., 2004).
HCN channels belong to the super family of voltage-
gated ion channels (Gauss et al., 1998). Most of the 
channels in this family, such as voltage-gated potassium, 
sodium, and calcium channels, are activated by an out-
ward movement of positive charges in the S4 domain in 
response to membrane depolarization (Hille, 2001). 
However, HCN channels open by inward movement of 
the positive charges in S4 in response to membrane 
hyperpolarization (Mannikko et al., 2002; Sesti et al., 2003; 
Bell et al., 2004; Vemana et al., 2004). It is not known 
why HCN channels open by an inward S4 movement 
while other members of this family open by an outward 
S4 movement, but it has been suggested that the cou-
pling of S4 to the channel gate is different in HCN 
channels than in the depolarization-activated ion chan-
nels (Mannikko et al., 2002). How S4 movement cou-
ples to the opening and closing of the activation gate in 
HCN channels is not known.
In contrast to classic “Hodgkin-Huxley”–type K   channels 
that open with very sigmoidal activation kinetics (well 
described by the 4th power of an exponential rise time), 
tetrameric HCN channels open with a sigmoidicity around 
2 (a range of 1–3 has been reported) (DiFrancesco, 
1984, 1999; Altomare et al., 2001). In addition, the clos-
ing of HCN channels has a high sigmoidicity (power 
of 4) (Mannikko et al., 2005), in contrast to the expo-
nentially decaying tail currents in most other voltage-
  activated channels. A model for HCN channel activation 
that can explain the low sigmoidicity has been proposed 
(Altomare et al., 2001). In this type of model, the four 
independent S4s rapidly move, followed by a slow open-
ing of the activation gate (Fig. 1). This type of model 
does not generate a high sigmoidicity, since the move-
ment of the four different S4s is faster than channel 
opening. Because the rate of activation of HCN channels 
is strongly voltage dependent, the authors had to pro-
pose a strong voltage dependence in the rate-limiting 
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opening transition (Altomare et al., 2001). However, a 
recent study suggested that the opening transition is not 
voltage dependent in HCN channels (Chen et al., 2007). 
Therefore, it is not clear what the rate-limiting step is 
during activation of HCN channels and what causes the 
relatively low sigmoidicity in HCN channel activation.
In the studies reported here, we used voltage clamp 
fl  uorometry (VCF) to simultaneously measure the kinetics 
of the S4 movement and the ionic currents during 
voltage activation of sea urchin (spHCN) channels, in 
order to determine the kinetic relationship between S4 
movement and channel opening and to test whether 
gate opening is rate limiting. In VCF, a fl  uorophore is 
attached to an introduced cysteine. The fl  uorescence 
from the fl  uorophore is measured in parallel to the 
ionic or gating current during voltage steps that activate 
the channel. VCF has been used earlier to detect con-
formational changes in voltage-gated ion channels as well 
as pumps and transporters (Mannuzzu et al., 1996; Cha 
and Bezanilla, 1997; Li et al., 2000; Meinild et al., 2002; 
Larsson et al., 2004). We here show that fl  uorophores 
attached to centrally located S4 residues report mainly 
on the gating charge movement that occurs before 
channel opening. Our results for spHCN channels are 
not compatible with a fast S4 motion and a rate-limiting 
channel opening as proposed earlier for mam  malian 
HCN channels (Fig. 1 B; Altomare et al., 2001). In-
stead, our data and modeling suggest that spHCN 
channels open after only two S4s have moved and that 
S4 motion is rate limiting during voltage acti  vation of 
spHCN channels.
MATERIALS AND METHODS
Expression System
All experiments were performed on the sea urchin spHCN chan-
nel (provided by U.B. Kaupp, Forschungszentrum Julich, Julich, 
Germany) heterologously expressed in Xenopus oocytes. Site-
directed mutagenesis was performed on spHCN cDNA (in the 
pGEM-HE expression vector) using the QuikChange system 
(Stratagene). The DNA was linearized with Nhe1 before RNA 
synthesis and purifi  cation using a T7 mMessage mMachine kit 
(Ambion). 50 nl cRNA (ranging from 2.5 to 50 ng) was injected 
into each oocyte, and recordings were made by two-electrode volt-
age clamp 2–5 d after injection.
Two-Electrode Voltage Clamp
Whole-cell ionic and gating currents were measured with the two-
electrode voltage clamp technique using an Axon Geneclamp 
500B (Axon Instruments, Inc.). Microelectrodes were pulled 
using borosilicate glass, fi  lled with a 3 M KCl solution; each micro-
electrode had a resistance between 0.5 and 1.5 MΩ. All experiments 
were performed at room temperature. The bath solution con-
tained, in mM: 89 KCl, 10 HEPES, 0.4 CaCl2, and 0.8 MgCl2. The 
pH was adjusted to 7.4 with KOH, yielding a fi  nal K concentration 
of 100 mM. Data were fi  ltered at 1 kHz, digitized at 5 kHz (Axon 
Digidata 1322A), and monitored and collected using pClamp 
software (Axon Instruments, Inc.).
Voltage Clamp Fluorometry
For VCF experiments, oocytes were incubated for 5–30 min (typi-
cally 20 min) to saturate binding in a bath solution that was sup-
plemented with 100 μM Alexa-488 C5-Maleimide (Molecular 
Probes). After washing, oocytes were placed animal pole “up” in a 
bath housed on a Leica DMLFS upright fl  uorescence microscope. 
Light was focused on the animal pole of the oocyte through a 20× 
objective and was passed through a fi  lter cube from Chroma 
41026 (HQ495/30x, Q515LP, HQ545/50m). Fluorescence sig-
nals were low-pass Bessell fi  ltered (Frequency Devices) at 200 Hz 
and digitized at 1 kHz.
Modeling
To create a theoretical framework for understanding the relation-
ship between voltage sensor movement and activation gating in 
HCN channels, we created several variations on the 10-state model 
suggested by Altomare et al. (2001). The ionic currents and the 
S4 movements in Fig. 1 were simulated with an in-house computer 
program using the 10-state model suggested by Altomare et al. 
(2001) with the rate constants proposed for the mammalian 
HCN1 channel (Altomare et al., 2001). For the fi  ts of the differ-
ent models to the experimental fl  uorescence and current data in 
Figs. 6 and 7, we used the fi  t routine in the Madonna program. 
For these fi  ts, the gate transition was assumed to be voltage 
Figure 1.  Predicted kinetic relationship between S4 movement 
and ionic currents at −120 mV for a published HCN channel 
model (Altomare et al., 2001). (A) State diagram for the Altomare 
model. There are four independent fast S4 movements (hori-
zontal transitions) and slow rate-limiting activation-gate (vertical) 
transition. Both the S4 movement and the gate opening transi-
tions are highly voltage dependent. The arrow on the state dia-
gram denotes the most likely transition pathway. The continuous 
arrow denotes fast transitions and the dashed line slow transi-
tions. At −120 mV, α = 289.7 s−1, β = 0.59 s−1, γ = 30.2 s−1, δ = 
0.35 s−1, and f = 2.23 (Altomare et al., 2001). (B) Predicted S4 
movement (dashed line; movement2 and movement4 denoted 
with dotted lines), and onset of ionic currents (continuous line).  Bruening-Wright et al. 73
  independent, since a recent study suggested that the mammalian 
HCN1 and HCN2 channels have a voltage-independent gate tran-
sition (Chen et al., 2007). This assumption did not qualitatively 
affect our conclusions, since adding voltage dependence to the 
closed–open transitions in the 10-state model had little effect on 
the fi  t and a negligible effect on the rate of S4 movement relative 
to the rate of the gate transition.
RESULTS
Fluorescence from Residue 332 Correlates 
with Gating Charge Movement
To measure conformational changes in S4 during HCN 
channel activity, we introduced a cysteine at position 
R332 in the N-terminal region of S4, close to the S4 
  region that displayed state-dependent accessibility (Fig. 
2 A). To directly test whether the fl  uorescence from 
332C channels correlates with the gating charge move-
ment of S4 in spHCN channels, we introduced the P435Y 
mutation in 332C channels to render the channels non-
conducting (Mannikko et al., 2005). We labeled the 
332C/435Y channels with the cysteine-specifi  c fl  uoro-
phore Alexa-488-maleimide and used VCF to monitor 
gating currents and fl  uorescence simultaneously under 
two-electrode voltage clamp (Fig. 2 B). Due to the endog-
enous currents that are activated in oocytes by the large 
hyperpolarizing voltage steps needed to activate 332C 
Figure 2.  Fluorescence from 332C reports on gating charge movement. (A) Sequence alignment of spHCN and HCN1 S4 domains. 
The red box highlights residues studied with VCF. Marked residues exhibit state-dependent modifi  cation by intracellular (*), extracellu-
lar (#), or both intra- and extracellular reagents (&), or state-independent modifi  cation by either intracellular or extracellular reagents 
(o) (Mannikko et al., 2002; Bell et al., 2004; Vemana et al., 2004). (B) Current (bottom, black) and fl  uorescence (top, red) from Alexa-
488–labeled 332C/435Y channels in response to voltage steps from 0 to −160 mV (middle). The P435Y mutation has earlier been shown 
to render spHCN channels nonconducting (Mannikko et al., 2005). Currents at very negative potentials are from endogenous 
hyperpolarization-activated chloride channels. (C) Integrated gating charge (bottom, black) from tail currents in B and fl  uorescence 
(top, red), showing similar time courses of Q and F. Integration started 1 ms after the voltage pulse to allow complete settling of the 
capacitive transient. (D) Q(V) and F(V) (measured at arrows in C), showing similar voltage dependence of the gating charge and the 
fl  uorescence. Q: V1/2 = −90.7 ± 8.4 mV, z = 1.44 ± 0.35; F: V1/2 = −85.3 ± 9.4 mV, z = 1.32 ± 0.17 (P > 0.1; n = 7). (E) Charge move-
ment (bottom, black) and fl  uorescence (top, red) from uninjected oocytes in response to an identical voltage protocol as in A. (F) Qoff 
gating currents measured at −15 mV in response to longer and longer (∆t = 12.5 ms) prepulses to −120 mV. Inset shows voltage protocol 
and currents during the protocol. (G) Integrated gating charge Qoff (black) as a function of prepulse length (from F) and normalized 
fl  uorescence change (red) measured simultaneously during the prepulse fi  tted with single exponential curves.74 Kinetics of S4 and Gate Movements in HCN Channels
channels, we were unable to accurately and consistently 
measure the kinetics of the gating currents from 332C 
channels during the hyperpolarizing steps. However, by 
measuring the Qoff close to the reversal potential for the 
endogenous chloride currents, estimated around −15 
to  −10 mV (Weber et al., 1995a,b; Centinaio et al., 
1997), we were able to compare the voltage dependence 
(Fig. 2, C and D) and kinetics (Fig. 2, F and G) of the 
fl  uorescence and the gating charge movement. Fig. 2 C 
shows simultaneous tail fl   uorescence and Off-gating 
charge (integrated tail gating currents) recordings. The 
steady-state values (measured at the arrows) are almost 
identical (Fig. 2 D). Experiments with 332C channels 
blocked by 1 mM ZD7288 (a specifi  c HCN-channel 
blocker) showed similar results (not depicted), while 
uninjected oocytes did not show any gating currents 
(Fig. 2 E). To test whether the fl  uorescence from 332C 
channels correlates in time with the movement of the 
gating charge, we measured the development of the 
Qoff after increasingly longer prepulses to −120 mV 
(Fig. 2 F). Qoff and fl  uorescence developed with similar 
time courses during the prepulse (τQ = 20.8 ± 8.5 ms, 
τF = 19.9 ± 5.6 ms; n = 4), showing that the fl  uores-
cence from 332C channels correlates in time with the 
movement of gating charge (Fig. 2 G). The similar 
kinetics and voltage dependence of the fl  uorescence 
and the gating charge movement strongly suggest that 
the fl  uorescence from Alexa-488–labeled 332C channels 
reports on the gating charge movement of S4 that is 
hypothesized to precede the ionic current.
Fluorescence from Residue 332 Precedes 
Channel Opening
To measure both S4 movement and ionic currents in 
spHCN channels, we introduced the R332C mutation in 
conducting spHCN channels and used VCF to monitor 
ionic currents and fl  uorescence simultaneously under 
two-electrode voltage clamp. Fig. 3 A shows the ionic 
currents and fl  uorescence signals from Alexa-488–
  labeled 332C channels. The conductance versus voltage, 
G(V), relationship was shifted by more than −40 mV 
compared with wt spHCN channels, as reported ear-
lier for 332C channels (Mannikko et al., 2002). Alexa-
488–labeled 332C channels showed a left-shifted G(V) 
relative to the fl  uorescence versus voltage, F(V), rela-
tionship (G: V1/2 = −109 ± 11 mV, n = 3; F: V1/2 = 
−79 ± 3 mV; n = 5), so that at small hyperpolarizations 
(−40 mV) only a fl  uorescence signal was seen (Fig. 3 B). 
At hyperpolarizations more negative than −80 mV, both 
the ionic current and the fl  uorescence increased with 
a biexponential time course. The fast component of 
the fl  uorescence preceded the ionic current, while the 
slow component of the fl  uorescence signal was similar 
to the slow component of the current (Fig. 3, A and C). 
Figure 3.  Fluorescence from 332C precedes channel opening. (A) Representative current (A1) and fl  uorescence (A2) records from 
Alexa-488-maleimide–labeled 332C channels. Channels were held at 0 mV and then stepped to negative potentials (0 to −140 mV, ∆V = 
20 mV), followed by a step to +50 mV. (B and C) Steady-state (B) and kinetic analysis (C) of the voltage dependence of the conductance 
(black symbols) and fl  uorescence (red symbols) from A. The current and the fl  uorescence signals were fi  tted with double exponentials. 
(D) Amplitudes of the fast (■) and slow (●) fl  uorescent components from A2. (E) Normalized currents and fl  uorescence from A during 
a step to −120 mV. Note that the fl  uorescence signal precedes the currents, as expected if S4 movement causes channel opening.  Bruening-Wright et al. 75
With increasingly larger hyperpolarizations, the ampli-
tude of the slow fl  uorescence signal decreased and the 
fl  uorescence signal became dominated by the fast com-
ponent (Fig. 3 D), so that the fl  uorescence signal clearly 
preceded the current (Fig. 3 E). The voltage and time 
dependence of the currents and the fl  uorescence sig-
nals from the 332C-labeled channels suggest that 332C-
linked fl  uorophores reported mainly on conformational 
changes underlying the S4 gating charge movement 
that precedes channel opening.
Fluorescence Signal Raised to a Power 
of Two Correlates with the Current
To gain insight into the kinetic relationship between S4 
movement and activation gating, we compared the time 
course of the fl  uorescence from 332C-labeled channels 
to the time course of the ionic current from the same 
channels in response to different voltage steps.
In Fig. 4, we show the normalized fl  uorescence change 
and ionic current for voltage steps between −60 and 
−160 mV. We also show the fl  uorescence signal raised 
to different powers. We then compare these data to the 
predictions of the relationship between S4 motion and 
the ionic current for the model shown in Fig. 1. For 
voltage steps to −120 mV and more negative, the nor-
malized fl  uorescence signal raised to a power of two 
superimposed well on the normalized current trace (Fig. 
4, A–C), suggesting that only two independent events 
preceded channel opening (see Discussion). At less 
negative voltage steps, the current deviated from fl  uo-
rescence signal to a power of two (Fig. 4, D and E). At 
these voltages, the current and the fl  uorescence had a 
similar time course after the initial delay in the ionic 
current and the initial small, fast component of the fl  uo-
rescence. The kinetic relationship between S4 motion 
and the onset of the ionic current at all voltages is very 
different from the one predicted by the model in Fig. 
1 B, which suggests that spHCN channels do not have a 
fast S4 movement and a rate-limiting gate transition.
Outer S4 Residues Report on Two Distinct 
Conformational Changes
To measure conformational changes at more residues 
in S4 during HCN channel activity, we introduced a 
  cysteine at nine contiguous positions in the N-  terminal 
region of S4 (red box in Fig. 2 A). We labeled the cys-
teines with the cysteine-specifi  c fl  uorophore Alexa-488-
maleimide and used VCF to monitor current and fl  uo-
rescence simultaneously under two-electrode voltage 
clamp. Eight of nine residues provided fl  uorescence sig-
nals when labeled with Alexa-488-maleimide. Residue 
329C had very small ionic currents and did not give a 
fl  uorescence signal. Fluorescence changes from residues 
324C-326C were shown in a recent paper to report 
on the mode shift in HCN channel voltage dependence 
(Bruening-Wright and Larsson, 2007).
Figure 4.  Time course of fl  uorescence relative to the ionic current. Relative comparison of the fl  uorescence and the ionic current for 
steps to indicated voltages. The fl  uorescence signal is also shown to powers of 2 (F2) and 4 (F4). The fl  uorescence signals to a power of 
2 overlap very well with the currents at −160 to −120 mV.76 Kinetics of S4 and Gate Movements in HCN Channels
In Fig. 5, ionic currents and fl  uorescence signals are 
shown for the remaining fi  ve S4 residues that provided 
a fl  uorescence signal. Residues 327C–332C all had large 
fl   uorescent components that were faster than the 
kinetics of channel opening (Table I). In addition, two of 
these residues (328C and 330C) had a second fl  uores-
cent component that changed more slowly than channel 
activation and most likely tracked the mode shift 
described by Männikkö et al. (Bruening-Wright and 
Larsson, 2007). The two fl  uorescent components from 
the 330C channels had opposite polarity, which shows 
that the fl  uorophore reports on two distinct confor-
mational changes in/around S4. We did not further 
analyze the fl  uorescence and the ionic current from 
residues 327C–331C, since these channels had very slow 
activation kinetics (e.g., 327C and 331C) or additional 
fl  uorescence component that complicated the analysis 
(e.g., 330C). However, residues 327C–331C all had large 
fl   uorescent components that were faster than the 
kinetics of channel opening, similar to 332C channels, 
suggesting that these sites track the S4 transmembrane 
movement that precedes channel opening (Table I). 
In contrast, we have previously shown that residues 
324–326 all have only slow fl  uorescence changes, slower 
than channel   activation (Bruening-Wright and Larsson, 
2007). The fl  uorescence from these external residues 
correlated with the mode shift in HCN channel voltage 
dependence, suggesting that these residues only track 
the slower mode shift.
10-State Model Can Reproduce the Kinetic Relationship 
between the S4 Movement and Gate Opening
We next simultaneously fi  tted the fl  uorescence and the 
ionic currents from 332C channels to a 10-state allosteric 
model similar to the model by Altomare et al. (Fig. 1 A). 
A recent study suggested that the opening transition in 
mammalian HCN channels is not voltage dependent 
(Chen et al., 2007). We therefore assumed nonvoltage-
dependent transitions between the closed and open 
states, while using voltage-dependent transitions between 
closed states and between open states. The assumption 
of nonvoltage-dependent opening transitions did not 
Figure 5.  Fluorescence from 
N-terminal S4 residues. Rep-
resentative current (top, black) 
and fluorescence (bottom, 
red) records for Alexa-488-
maleimide–labeled residues 
327C–332C. Channels were 
held at 0 mV and then stepped 
to negative potentials (0 to 
−140 mV, ∆V = 20 mV), fol-
lowed by a step to +50 mV. 
Note that residues (328–
332C)  all have fast fl  uores-
cence signals that preceded 
channel opening, presumably 
because they report on S4 
movement during the gating 
charge translocation.  Bruening-Wright et al. 77
qualitatively infl  uence the outcome of the modeling 
(see below). Fig. 6 A shows the best fi  t of the 10-state 
model to the ionic and fl  uorescence data from Alexa-
488–labeled R332C channels. We did not fi  t the fl  uores-
cence and ionic currents during the tail potentials, 
because the tail kinetics are dominated by the mode 
shift (which is not represented in the 10-state model) 
(Mannikko et al., 2005) and because the size of the 
  outward tail currents is not proportional to the inward 
currents during the hyperpolarizing steps due to the 
presence of an endogenous voltage-dependent blocker 
of HCN channels in oocytes (Vemana, S., personal com-
munication; unpublished data). The kinetics of the 
fl  uorescence and the ionic currents are fairly well 
reproduced, although not perfectly, by the 10-state model. 
The 10-state model did, however, generate a kinetic 
  relationship between the fl  uorescence and the ionic 
currents that was very similar to the kinetic relationship 
between the fl  uorescence and the ionic current for 
332C channels, i.e., the fl  uorescence raised to a power 
of two superimposed well on the ionic currents (Fig. 6, 
B and C). The fi  tted rates for the S4 movement (α) were 
slower than the closed-to-open transition for the state 
with all S4s activated (γ). This is in contrast to the 
kinetic relationship of α and γ predicted by the model 
suggested previously for mammalian HCN channels 
(Fig. 1 A), which had a rate-limiting channel opening 
and a fast S4 movement to generate the low sigmoidicity 
in the ionic currents (Fig. 1 B; Altomare et al., 2001). In 
our model, the low sigmoidicity in spHCN channels 
is caused by channel opening after only two S4s have 
moved and a non rate-limiting opening transition. If 
voltage dependence is included in the opening tran-
sition in the 10-state model, as it is in the model by 
Altomare et al., the fi  t of the data is not greatly improved 
(χ2 = 15.9 versus 16.6), and our main conclusion that 
the opening transition is not rate limiting still holds 
true (unpublished data).
Addition of Two Different Types of Cooperativity in S4 
Motion Did Not Improve the Fits
The data and modeling we present in this paper sug-
gest that the power-of-two relationship between the S4 
movement and ionic currents in spHCN channels can be 
explained by the spHCN channels opening after only two 
of the four S4s have moved (Fig. 7 A). A power-of-two 
relationship can in general also be reproduced by other 
models in which individual S4 subunits move in a co-
operative fashion (for example Fig. 7, B and C). Earlier 
data (Ulens and Siegelbaum, 2003) are consistent with 
the idea of cooperativity among subunits during HCN 
channel activation. Based on biophysical analysis of 
cAMP binding site mutant channels, it was suggested 
that the C termini (the ligand-binding domains) of 
HCN channels function as a dimer-of-dimers, in which 
each of the two dimers act independently. However, the 
recent crystal structure of the C termini of HCN2 was 
shown to be a fourfold symmetrical structure, not a 
dimer-of-dimers structure (Zagotta et al., 2003). One pos-
sibility to explain this apparent discrepancy is that the 
asymmetry is not in the ligand-binding domain, but that 
the asymmetry is really in the transmembrane portions 
of the subunits. A dimer-of-dimers organization of the 
transmembrane domains could generate the same type 
of “asymmetric” data from linked channels (Ulens and 
Siegelbaum, 2003). If the two S4s in the two subunits 
that form each dimer move in a cooperative fashion, 
then this dimer-of-dimers model for HCN channel acti-
vation could also potentially display a power-of-two 
relationship between the S4 fl  uorescence and the ionic 
current. Another type of cooperativity model that has 
been proposed for voltage-activated ion channels is a 
model in which each activated S4 equally infl  uences the 
other S4s by a constant factor (Zagotta et al., 1994a). 
This type of cooperativity could also potentially gener-
ate a power-of-two relationship between the S4 fl  uo-
rescence and the ionic current. We therefore fi  t two 
different “cooperativity models” (variants of the 10-state 
model) to our data (Fig. 7, B and C) to test whether 
these types of cooperativity in S4 movement would 
improve the fi  ts. The fi  rst model had cooperativity among 
all S4s, where each activated S4 increased the rate of 
activation of the other S4s by a constant cooperativity 
factor (Fig. 7 B). This model did not give a better fi  t to 
our data, since the best fi  t of this model yielded a coop-
erativity factor of 1. A cooperativity factor of 1 basically 
TABLE I
Time Constants (τ) and Amplitudes (A) for Current (I) and Fluorescence (F) from Experiments Similar to Fig. 5
Residue τ1I τ2I A1/(A1+A2)I τ1F τ2F A1/(A1+A2)F n
327C 1238 ± 190 N/A N/A 884 ± 157 N/A N/A 4
328C 38 ± 5 334 ± 22 0.59 ± 0.07 9.5 ± 1.5 631 ± 109 0.49 ± 0.04 3
329C N/A N/A N/A N/A N/A N/A
330C 152 ± 32 2696 ± 476 0.46 ± 0.05 5.7 ± 2.1 4919 ± 1091 0.06 ± 0.02 3
331C 24 ± 1 396 ± 42 0.19 ± 0.04 4.5 ± 0.2 122 ± 7 0.77 ± 0.02 4
332C 18 ± 5 135 ± 31 0.46 ± 0.09 5.9 ± 0.8 62 ± 5 0.27 ± 0.02 5
Voltage step to −120 mV. τ in ms. For residue 327, I and F were well fi  t with a single exponential at −120 mV. For residues 328–332, two exponentials were 
needed to get good fi  ts. 329C did not express well enough to give a clear fl  uorescence signal.78 Kinetics of S4 and Gate Movements in HCN Channels
means that the model reverted to the earlier 10-state 
model without cooperativity (Fig. 7 A). A second coop-
erative model we used was the dimer-of-dimers model 
described above (Fig. 7 C). The fi  t of the dimer-of-
  dimers model did not give a signifi  cantly better quanti-
tative fi  t to our data (Fig. 7 D; χ2 = 16.9 versus 16.6 for 
the 10-state model). In the dimer-of-dimers model, the 
ionic currents clearly preceded the fl  uorescence to a 
power of two (Fig. 7 E). Compared with the 10-state 
model, the fi  tted dimer-of-dimers model did less well in 
reproducing the fi  nding that the fl  uorescence signal to 
a power of two overlapped with the ionic currents at 
hyperpolarized potentials (compare Fig. 7 E with Fig. 6). 
Therefore, we conclude that incorporating these two 
types of cooperative gating in HCN channels did not 
improve the fi  ts to our data compared with our original 
10-state model. Nonetheless, other types of cooperativ-
ity in HCN channels could easily be envisioned, and we 
cannot rule out “cooperativity models” in general based 
on the data and modeling presented here.
DISCUSSION
Fluorescence signals and currents from fl  uorophore-
  labeled cysteine mutants suggest two distinct movements 
of S4 in HCN channels: a fast conformational change 
that carries gating charge and precedes channel open-
ing and a slower conformational change during the 
mode shift that follows channel opening (see Bruening-
Wright and Larsson, 2007). We found that the confor-
mational changes during gating-charge movement were 
reported by residues C terminal to residue 326, while 
the conformational changes during the mode shift 
extended to more N terminally located S4 residues 
(324C, 325C, and 326C). That these more external S4 
residues do not report on the gating charge movement 
whereas the more C-terminal residues do report on the 
gating charge movement is consistent with earlier acces-
sibility studies (Fig. 2 A; Mannikko et al., 2002; Bell et al., 
2004; Vemana et al., 2004).
Proposed Model for HCN Channel Activation
Taking into consideration both the fl  uorescence and 
the cysteine accessibility data, we propose the following 
model of HCN channel activation by hyperpolarization 
(Fig. 8). (1) In response to the hyperpolarization, the 
S4 helix moves inward (i.e., a gating charge movement), 
burying external residues up to residue 332. The more 
Figure 6.  A modifi  ed  10-state 
model reproduces the experi-
mental data. (A) Representative 
current (black lines) and fl  uores-
cence (red lines) records from Al-
exa-488-maleimide–labeled 332C 
channels (from Fig. 3 A), overlaid 
with the best fi  t (χ2 = 16.6) from 
our 10-state model (dashed line; 
see parameter values in Table II). 
In this model, the fl  uorescence 
changes only during the rate-lim-
iting S4 gating charge movement 
(see Fig. 8). (B and C) Normal-
ized currents and fl  uorescence 
from B Alexa-488–labeled 332C 
channels (data from Fig. 4 C) 
and (C) the 10-state model dur-
ing a step to −120 mV. Note 
that the fl  uorescence signal pre-
cedes the currents, as expected 
if S4 movement causes channel 
opening. The fl  uorescence to a 
power of 2 (F2) and to a power of 4 (F4) is also shown for each case. The currents are similar to the F2 curve for both the ex-
perimental data and for the 10-state model, whereas the F4 curve follows after the current in the both the experimental data and the 
10-state model.
TABLE II
Fitted Parameters for Models in Figs. 6 and 7
10-State Cooperativity Dimer-of-dimers
χ2 16.6 17.0 16.9
Kab [ms−1] 0.0157 0.016 0.0076
Zab [e0] 0.60 0.60 0.625
Vab [mV] −78.2 −78.4 −78.4
c N/A 1.0 N/A
γ [ms−1] 0.40 0.29 0.27
δ [ms−1] 0.40 0.32 1.0
f 1.57 1.55 1.53
The only voltage-dependent transitions in the models are the rates 
determining the S4 movement: α = Kab exp(−Zab(V − Vab)/kT) and β = 
Kab exp(+Zab(V − Vab)/kT). The other rates are all voltage independent.  Bruening-Wright et al. 79
N-terminal end of S4 remains extracellular. Residues 
close to 332 report on the transmembrane movement 
of S4, while residues 324–326, which are further away 
from this region, do not detect the S4 charge move-
ment, because the S4 movement does not change their 
accessibility or fl  uorescence. (2) The transmembrane 
movement of S4 triggers channel opening. There is no 
fl  uorescence change directly due to channel opening. 
(3) The channel is depolarized, S4 moves up, and fl  uo-
rescence returns to its baseline value. (4) The channels 
close. There is no fl  uorescence change directly due to 
channel closing.
Comparison of Gating Models
Fluorescence data from 332C suggest that the activation 
mechanism of spHCN channels may differ both from a 
traditional Hodgkin-Huxley–type model and from a 
previously published model for HCN activation (Altomare 
et al., 2001). As expected for any model in which S4 
movement causes channel opening, the fl  uorescence 
signal from Alexa-488–labeled 332C channels preceded 
activation of the current (Fig. 3 E). The prediction for a 
Hodgkin-Huxley–type model of channel activation, in 
which a tetrameric channel with four independent S4s 
opens only after all four S4s have activated, is that the 
fl  uorescence signal to a power of four should super-
impose on the current. This is not the case for 332C chan-
nels. For 332C channels, the fl  uorescence signal to a 
power of two superimposed on the current trace (Fig. 4), 
suggesting that only two independent events precede chan-
nel opening and that S4 movement is the rate-limiting 
step during channel activation in spHCN channels. This 
kinetic relationship between S4 movement and the onset 
of the ionic currents is different from that predicted by a 
previous model for mammalian HCN channels (Altomare 
et al., 2001), which assumed that the gate opening is the 
rate-limiting step during channel opening in mamma-
lian HCN channels.
Our model is consistent with a recent study that sug-
gested that the activation rate is voltage independent in 
mammalian HCN channels at extreme hyperpolariza-
tions (Chen et al., 2007). The data from the Chen et al. 
study suggests that the closed-to-open transition is volt-
age independent in mammalian HCN channels and 
that this transition becomes rate limiting at extreme 
hyperpolarizations (e.g., more negative than −140 mV for 
HCN2 channels). However, at physiological hyperpolar-
izations (more positive than −100 mV), the mamma-
lian HCN channels display a steep voltage dependence 
in the opening rate. Therefore, even in mammalian 
Figure 7.  Cooperative models did 
not improve the fi  ts. (A–C) Different 
possible models for HCN channel 
opening generating F2 = I rela  tion-
ship. The arrows through the state 
diagrams denote the most likely tran-
sition pathway. Continuous arrows 
denote fast transitions and dashed 
lines slow transitions. (A) An alloste-
ric model with four independent S4 
movements with a non rate-limit-
ing activation-gate transition. This 
is the model used in Fig. 6. (B) An 
allosteric model with cooperative 
S4 movements, in which the move-
ment of each S4 affects the move-
ment of the other S4s by a constant 
factor c. A similar model was sug-
gested for negative cooperativity in 
S4 movement in Shaker K channels 
(Zagotta et al., 1994a). (C) A dimer-
of-dimers model for S4 activation 
of HCN channels as earlier proposed 
(DiFrancesco, 1999; Ulens and 
Siegelbaum, 2003). (D) Representa-
tive current (black lines) and fl  uor-
escence (red lines) records from 
Alexa-488-maleimide–labeled 332C 
channels (from Fig. 3 A), overlaid 
with the best fi  t (χ2 = 16.9) from 
the dimer-of-dimers model (dashed 
lines; see parameter values in Table II). In this model, the fl  uorescence changes only during the rate-limiting S4 gating charge move-
ment. (E) Normalized currents and fl  uorescence from the dimer-of-dimers model from D during a step to −120 mV. The fl  uorescence 
to a power of 2 (F2) and to a power of 4 (F4) is also shown. The currents clearly precede the F2 curve in the dimer-of-dimers model. In 
contrast, the current overlays the F2 curve in both the experimental data and the 10-state model (Fig. 6, B and C).80 Kinetics of S4 and Gate Movements in HCN Channels
HCN channels, it is likely that at physiological voltages 
the S4 movement is the rate-limiting step during activa-
tion and that the closed-to-open transition is not rate 
limiting. We have not been able to measure any gating 
currents from the mammalian HCN channels to directly 
test the kinetic relationship between S4 movement and 
the gate opening in mammalian HCN channels (un-
published data). The reason for this is not clear, but 
could be due to slower S4 movement and lower expres-
sion levels of mammalian HCN channels compared 
with spHCN channels.
The data and modeling we present in this paper sug-
gest that the power-of-two relationship between the S4 
movement and ionic currents in spHCN channels can be 
explained if the spHCN channels open after only two of 
the four S4s have moved (Fig. 7 A). We also concluded 
that incorporating two different types of cooperative 
gating in HCN channels did not improve the fi  ts to our 
data compared with our original 10-state model (Fig. 7). 
Nonetheless, other types of cooperativity in HCN chan-
nels could easily be envisioned, and we cannot rule out 
“cooperativity models” in general based on the data 
and modeling presented here. Further experiments us-
ing linked tetrameric channels composed of subunits 
with different midpoints of activation (Mannuzzu and 
Isacoff, 2000; Ulens and Siegelbaum, 2003) are needed 
to determine whether the movement of two S4s is suf-
fi  cient to gate HCN channels or if there is some type of 
cooperativity in the activation of S4s in HCN channels.
In summary, our data suggest that during activation 
gating in HCN channels the movement of S4 is rate lim-
iting, not gate opening, and that the channels may open 
before all S4s have activated. This mechanism is distinct 
from models used for other voltage-gated channels, 
e.g., most models suggest that Shaker K channels open 
only after all four S4s have activated (Zagotta et al., 
1994a,b; Schoppa and Sigworth, 1998a,b,c). The mech-
anism we present is also different from the prediction 
of the most common model of HCN channel gating 
(Altomare et al., 2001). Finally, our data suggest that S4 
in HCN channels undergoes at least two kinetically dis-
tinct movements during gating. It will be interesting to 
determine in future experiments the molecular mecha-
nism by which these voltage sensor movements are cou-
pled to the activation gate.
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